Colony-stimulating factor 1 (CSF-1) regulates the survival, proliferation, and differentiation of mononuclear phagocytes. The CSF-1 receptor was purified from cell membranes of the J774.2 mouse macrophage cell line by solubilization with Triton X-100, CSF-1 affinity chromatography, and gel filtration. The purified receptor is a protein or glycoprotein of 165 kDa comprising a single polypeptide chain that is not covalently associated, either as a homopolymer, or with any other protein. CSF-1 stimulated autophosphorylation of the purified receptor in tyrosine residues. Casein but not histone was shown to act as a substrate for the tyrosine protein kinase activity of purified receptor. (3, 7) . Chemical crosslinking studies indicate that the cell surface CSF-1 receptor is a macromolecule of ==165,000 Mr that is not disulfide bonded to any other macromolecule in macrophage membranes (8). The CSF-1 receptor shares physical characteristics with, and is immunologically and functionally related to, the c-fms gene product (9, 10). In this paper, we describe the purification of the CSF-1 receptor and demonstrate that the purified receptor is a CSF-1-dependent tyrosine kinase.
Colony-stimulating factors (CSFs) regulate the production of granulocytes and macrophages from hemopoietic precursor cells (for review, see ref. 1). One of these growth factors, CSF-1, specifically regulates the survival, proliferation, and differentiation of mononuclear phagocytes from precursor cell --monoblast -* promonocyte --monocyte --macrophage. The response to CSF-1 is pleiotropic and varies with mononuclear phagocyte cell type (for review, see ref. 2) . Binding studies at 2"C (3, 4) and 370C (5, 6) are consistent with the existence of a single class of high-affinity 1251-labeled CSF-1 binding sites on the surface of macrophages. These receptor sites are selectively expressed on mononuclear phagocytes and their precursors (3, 7) . Chemical crosslinking studies indicate that the cell surface CSF-1 receptor is a macromolecule of ==165,000 Mr that is not disulfide bonded to any other macromolecule in macrophage membranes (8) . The CSF-1 receptor shares physical characteristics with, and is immunologically and functionally related to, the c-fms gene product (9, 10) . In this paper, we describe the purification of the CSF-1 receptor and demonstrate that the purified receptor is a CSF-1-dependent tyrosine kinase.
MATERIALS AND METHODS
Purification of the CSF-1 Receptor. J774.2 mouse macrophage cells (11, 12) were seeded (104 cells per ml) into 15 liters of prewarmed 10% (vol/vol) horse serum (Flow Laboratories) in alpha medium (Kansas City Biologicals, Lenexa, KS) and cultured at 37°C in a large spinner flask. After 4 days cells were harvested from log-phase cultures (=z5 x 105 cells per ml, >95% viable) and collected by centrifugation (500 x g for 10 min at 4°C); the cell pellet was resuspended in 5 volumes of ice-cold 4 mM iodoacetic acid in phosphate-buffered saline (0.14 mM NaCl/3 mM KCl/8 mM Na2HPO4/1.5 mM KH2PO4, pH 7.4). All the following procedures were done at 4°C.
The methods for the preparation and solubilization of J774.2 cell membranes and the assay of the solubilized receptor have been described in detail (13) . Briefly, the postnuclear supernatant fraction from Dounce-homogenized, hypotonically swollen cells was layered over 15% (wt/vol) sucrose and centrifuged at 100,000 x g for 30 min at 40C. The pellet was resuspended in 10-20 volumes of 10% (wt/vol) sucrose/50 mM NaCl/100 mM Tris HCl, pH 7.4, containing 10 ,g of leupeptin (Sigma) per ml, 1 unit of aprotinin (Sigma) per ml, and 1000 units of soybean trypsin inhibitor (type I-S, Sigma) per ml and adjusted to 1% (vol/vol) Triton X-100. After gentle Dounce homogenization with a loose-fitting piston the mixture was diluted with an equal volume of receptor-binding buffer (RBB)-10% (wt/vol) sucrose/50 mM NaCl/0.1% Triton X-100/3 mM NaN3/100 mM Tris HCl, pH 7.4-and centrifuged (100,000 x g for 45 min at 40C), and the supernatant was saved as the solubilized membrane fraction. This fraction (==12 ml) was further diluted with an equal volume of RBB and passed twice through the CSF-1-p-aminobenzamidoethyl (pABAE) Sepharose 4B (see below) column (1.2 x 3.5 cm) at a flow rate of 40-50 ml per hr. The column was then washed four times, each washing with 3 column volumes of RBB. The receptor was eluted with 1 column volume of 1 M NaCl/10% (wt/vol) sucrose/0.1% Triton X-100/100 mM Tris HCl, pH 7.4, followed by 3 column volumes of 0.2 M acetic acid/0. 1% Triton X-100. The column was regenerated by washing with 3 column volumes of 6 M urea/0.1 M Tris HCl, pH 7.6, and re-equilibrating in RBB (a single column could be used at least 10 times). The eluate containing the receptor was adjusted to pH 7.4 with 1 M Tris and subjected to vacuum dialysis in 200 ml of 0.5x RBB/0.5% Triton X-100.
Approximately 0.5 ml of the concentrated, dialyzed receptor preparation was then passed through a Sepharose 6B column (dimensions 1.2 x 37 cm) equilibrated in 0.5 M NaCl/5% sucrose/0.1% Triton X-100/3 mM NaN3/100 mM Tris-HCl, pH 7.4. The active fractions were pooled and concentrated by vacuum dialysis in 40 volumes of 0.5% Triton X-100/10% sucrose/3 mM NaN3/50 mM Tris'HCl, pH 7.4. 1251-labeled mouse L-cell CSF-1 (4, 14) (=400,000 cpm per ng of protein; 8 x 107 units per mg of protein) binding to whole cells and membrane preparations was used to assay particulate receptor (4) . A modification (13) of the polyethylene glycol precipitation procedure of Cuatrecasas (15) was used to separate free from bound 1251-labeled CSF-1 in the assay of the solubilized receptor. Protein was determined according to the method of Bradford (16) .
Preparation of CSF-1-pABAE-Sepharose 4B was done at 2"C. CSF-1 reacted with pABAE-Sepharose 4B (17) Phosphoamino Acid Analyses. 32P-labeled receptor bands were excised from polyacrylamide gels and hydrolyzed (20) before separation of the phosphoamino acids by thin-layer chromatography (21) .
RESULTS
Purification of the CSF-1 Receptor. The CSF-1 receptor was purified from cells of the J774.2 mouse macrophage cell line. The results of a typical purification are summarized in Table  1 . The most important step in the purification is affinity chromatography on CSF-1-pABAE-Sepharose 4B. This resulted in an =800-fold purification of the receptor from solubilized membranes. However, further purification by gel filtration on Sepharose 6B in Triton X-100 was necessary to remove contaminants of lower Mr. Under these conditions the receptor possessed an apparent Mr of -600,000 by comparison with bovine serum albumin, IgG, and thyroglobulin marker proteins (data not shown). Recovery of the receptor binding activity in the purified receptor preparation was =80%. However, the recovery is overestimated by approximately 2-fold due to an increase in the amount of receptor binding activity following solubilization (Table 1) .
Samples from the various stages of the purification were subjected to 7% NaDodSO4/PAGE in 2-mercaptoethanol (Fig. 1) incubation. Immediately after incubation, mixtures were reduced in NaDodSO4 gel buffer (100 mM 2-mercaptoethanol at 100°C for 5 min) and subjected to NaDodSO4/gradient gel electrophoresis; the gel was then autoradiographed (Fig. 2) . In lanes containing the membrane and solubilized membrane fractions incubated without CSF-1 there were many phosphorylated bands. The phosphorylation of a few of these bands was increased by incubating the preparations with CSF-1. In lanes containing the purified receptor, a single band (Mr = 165,000) was phosphorylated. Increased 32p incorporation in this band (1.5-2.0-fold increase in cpm) was seen when the receptor was incubated with CSF-1.
To investigate the specificity of the CSF-1-dependent autophosphorylation, purified receptor preparations were phosphorylated as described, and the precipitated proteins were hydrolyzed and subjected to phosphoamino acid analysis. Both the endogenous-and the CSF-1-stimulated phosphorylation were shown to occur exclusively in tyrosine (Fig.  3) .
Kinase Activity for Exogenous Substrates. The action of the purified-receptor kinase on exogenous substrates was tested using proteins (casein and histones) known to act as substrates for other tyrosine kinases. Under conditions resulting in CSF-1-stimulated autophosphorylation, the receptor was shown to phosphorylate casein but not histone (Fig. 4) . CSF-1-induced phosphorylation of the receptor band is just apparent in the autoradiograph. When the casein bands were excised and counted, their phosphorylation was shown to be slightly, but significantly, higher with CSF-1. Phosphorylation was inhibited with the ATP analogue, 5'-p-fluorosulfonylbenzoyl-adenosine and occurred exclusively in tyrosine residues (data not shown).
Stability of the Purified Receptor. Preliminary studies of the properties of the purified CSF-1-receptor kinase indicate that its 1251-labeled CSF-1 binding activity is stable to storage at -70°C, increased =2-fold by heating at 37°C for 2 hr, but is . i f purified receptor protein was obtained from membranes prepared from -101o cells. The first three steps in the purification did not markedly increase the factor of purification. However, solubilization of the concentrated membrane preparation (step 3) resulted in an apparent yield increase 1.4 times the starting activity. This phenomenon has been seen after the solubilization of the insulin receptor (25) . Solubilization probably increases receptor binding activity by exposing receptor sites that are masked in membrane preparations. The affinity-chromatography step was markedly the most efficient step and resulted in very small activity loss. The Sepharose 6B step, required for the removal of contaminants of low Mr, yielded an apparent Mr of =600,000 for the receptor-detergent complex. The total recovery of purified receptor was quite high, even after correction for the increases in yield resulting from solubilization. The 4 . Autoradiography of 12.5% NaDodSO4/PAGE of incubation mixtures that contained the purified receptor with casein (lanes 1 and 2) or with histone ( lanes 3 and 4) ; -, phosphorylation without CSF-1; +, phosphorylation with CSF-1. A major question concerning the properties of the purified receptor was whether it, like certain other growth factor receptors, possessed ligand-activated tyrosine protein kinase activity. Incubation of the purified receptor with purified CSF-1 and [y-32P]ATP resulted in a CSF-1-stimulated increase in receptor phosphorylation. Despite the relatively poor stimulation of phosphorylation of the receptor (=2-fold), all of the incorporation with or without CSF-1 is in tyrosine residues. In contrast, in membrane preparations CSF-1 induces a more marked tyrosine phosphorylation of the CSF-1 receptor (P.T.J., Y.G.Y., R. Sacca, W. Li, and E.R.S., unpublished work); solubilization of the receptor probably relieves steric or other restrictions on its tyrosine kinase activity. The purified receptor also exhibited tyrosine kinase activity for the exogenous substrate casein, an activity that was selective for casein, as phosphorylation of histone was not seen under the same conditions.
It has recently been shown that the c-fms gene product and the CSF-1 receptor are closely related, if not identical, proteins (9, 10, 26) . Sequence determination of the purified murine CSF-1 receptor should confirm this relationship.
